In this review, an updated view of the different strategies used up to now to enhance the sensitivity of detection in chiral analysis by CE will be provided to the readers. With this aim, it will include a brief description of the fundamentals and most of the recent applications performed in sensitive chiral analysis by CE using offline and online sample treatment techniques (SPE, liquid-liquid extraction, microdialysis, etc.), on-column preconcentration techniques based on electrophoretic principles (ITP, stacking, and sweeping), and alternative detection systems (spectroscopic, spectrometric, and electrochemical) to the widely used UV-Vis absorption detection.
Introduction
For some applications in the field of chiral analysis by CE it is necessary to achieve a high sensitivity of detection. As examples, it can be mentioned the determination of the enantiomeric purity of a drug, the determination of chiral compounds in biological samples, the analysis of environmental samples containing low levels of chiral pesticides or pollutants, and the analysis of food samples. Thus, the analysis of the stereochemical purity of compounds is of critical importance in chiral drug synthesis and development as well as for quality control of drug substances. In analytical chemistry the enantiomeric impurity (ei) is usually quantified as the percentage of one enantiomer (i.e., the S form) in the mixture (R and S forms), Eq. (1).
Since nowadays, a high percentage of chiral drugs is commercialized as pure enantiomers, the determination of their purity is essential. The ICH guidelines on impurities (Topics Q3A and B) (International Conference on Harmonisation, http://www.ich.org; checked on March 2005) can be applied to study the enantiomeric impurities as impurities for achiral drugs. They define certain thresholds for the content of impurities above which they should be identified and/or quantified. These thresholds have recently been revised (February 2002 and establishing that for drug substances where the maximum daily dose (MDD) is 2 g/day or below, impurities must be reported if they are present above 0.05%, identified if above 0.10%, and qualified if above 0.15%. Obviously, to accomplish these requirements the sensitivity of detection has to be taken into consideration [1] [2] [3] . On the other hand, the determination of chiral compounds in biological samples (plasma, urine, cerebrospinal fluid, tissues, cells, etc.) is one of the most interesting applications of chiral CE. The analysis of these small mass/volume samples requires appropriate selectivity (usually a sample treatment is used to avoid matrix interferences) and sensitivity [4] . In addition, chiral analysis of environmental samples by CE is a clear challenge nowadays. The main problem is the high sensitivity required for the detection of herbicides, fungicides, and organic persistent pollutants in environmental samples such as water, soil, and slug [5] . In fact, the levels of pollutants in environmental samples are below ppbs levels, that is, molar concentrations lower than 3610 29 M for chiral pollutants with a molecular weight of ,300 g/mol. Finally, the determination of the enantiomeric purity of food components or the analysis of chiral compounds in food samples, which among others, enables obtaining important information on adulterations and food proces-sing, also require appropriate sensitivity. In all these cases, an enhancement of the sensitivity of detection achieved by UV-Vis absorption detection, which is the most widely used in CE, is needed. An improvement of the sensitivity of detection may be achieved by means of three different strategies: (i) the sample treatment which can be made offline and online, (ii) the use of on-column sample preconcentration techniques based on electrophoretic principles, and (iii) the use of alternative detection systems to the UV-Vis absorption detection.
With the aim of providing to the readers an updated view of the different strategies used up to now to enhance the sensitivity of detection in chiral analysis by CE, this review will include a brief description of the fundamentals and most of the recent applications performed in sensitive chiral analysis by CE using offline and online sample treatment techniques, on-column preconcentration techniques, and alternative detection systems to the widely used UV-Vis absorption detection. In addition, a brief discussion of the CE working modes employed for chiral analysis will previously be included in order to establish the context of the different applications shown along this manuscript.
Separation modes in chiral analysis by CE
Chiral separations performed by CE in aqueous media may be included in the EKC mode because the discrimination of the enantiomers of a chiral compound is due to their different interaction with a chiral selector, that is, enantiomers are distributed in a different way between the bulk solution and the chiral selector according to a chromatographic mechanism [6] [7] [8] . It is important to note that the chiral separation principle is absolutely the same in the enantiomeric separation of a charged chiral analyte with a neutral chiral selector and in that of an uncharged chiral analyte with a charged chiral selector. However, there are some authors who have included those chiral separations with neutral chiral selectors into the CZE format. On the other hand, although much less used, CEC and nonaqueous CE (NACE) are also employed for chiral analysis.
The following paragraphs deal with these three different working modes in chiral electrophoretic separations, briefly describing the chiral selectors most widely used up to now as well as their applicability range in chiral analysis.
EKC
In EKC one or several chiral selectors are added to the BGE obtaining a separation buffer at a certain pH with capability for chiral discrimination. Many chiral selectors are commercially available [8] [9] [10] [11] [12] . Table 1 shows the most widely used up to now and the applicability range in chiral EKC.
CDs, which have the shape of a truncated cone, are the most important chiral selectors in CE. In addition to naturally occurring CDs (also called native CDs: a-CD, b-CD, and g-CD) there is a big number of CD derivatives available, which can have high water solubility and enable to enhance the enantioselectivity achieved by native CDs. The neutral CD derivatives 2-hydroxypropyl-b-CD (HP-b-CD), heptakis(2,6-di-O-methyl)-b-CD, also called dimethyl-b-CD (DM-b-CD), and heptakis(2,3,6-tri-O-methyl)-b-CD, also denominated trimethyl-b-CD (TM-b-CD) have been widely used for the enantioseparation of charged chiral compounds in the pharmaceutical, biomedical, and environmental fields. HP-b-CD has been the most employed derivatized CD in food analysis. The separation of the enantiomers of neutral compounds (not achievable by using CDs of neutral nature) and also of charged analytes has been achieved by employing charged CDs, although they have the drawback of increasing the current intensity of the separation buffer. The most employed anionic CD derivatives are carboxymethylated-b-CD (CM-b-CD), sulfated-b-CD, and sulfobutyl ether-b-CD (SBE-b-CD). Finally, 2-hydroxy-propyl-trimethylammonium-b-CD (QA-b-CD) and 6-monodeoxy-6-monoaminob-CD (b-CD-NH 2 ) are the most used cationic CDs. From all these commercially available CD derivatives, anionic CDs have been much more used than cationic CD derivatives. From the above-mentioned CD derivatives, HPb-CD, CM-b-CD, sulfated-b-CD, SBE-b-CD, and QA-b-CD are randomly substituted CDs, that is, they are mixtures of many isomeric forms differing in the degree of substitution and in the position of the substituents. As a consequence, considerable variability in the selectivity obtained from different commercial suppliers and even from batch to batch for the same supplier can be observed.
The macrocyclic polyether, which has shown to be effective as chiral selector in CE is the crown ether (1)-(18-crown-6)-2,3,11,12-tetracarboxylic acid (18C 6 H 4 ). It enables the enantiomeric discrimination of amino acids and other compounds with primary amine groups [9] and has the advantage of not interfering with UV detection [13] .
Bile salts are natural chiral surfactants (see Table 1) showing an interesting enantioseparation power for compounds having a rigid structure of fused rings [9, 14] whose separation with CDs can be difficult.
Synthetic chiral surfactants, also called polymeric surfactants, can derive from natural sugars (alkyl-glucoside and steroidal glucoside type surfactants) [15, 16] or from 
Broad applicability range for neutral and charged chiral compounds. Chiral selectors most used in CE with about 90% of the applications.
Crown ether: (1) Table 1 ) [15, 18] . Synthetic chiral surfactants have given rise to promising results [19, 20] but have the drawback of not being commercially available in many cases.
From the two main types of macrocyclic antibiotics used in CE, glycopeptides (ristocetin A, vancomycin, and teicoplanin are the most effective ones) and ansamycins [9, [21] [22] [23] [24] [25] , the first ones are more effective for neutral and anionic solutes while ansamycins are more useful for cationic analytes. Strong adsorption to the inner wall of fused-silica capillaries, low chemical stability because they can be degraded at high temperatures and acid or basic pHs, and absorption in the low UV range causing low sensitivity are the main drawbacks derived from the use of these chiral selectors, which have to be employed under controlled experimental conditions in order to avoid some of these problems.
Serum albumins are plasma proteins, which have been the most employed proteins for chiral separations by CE [26] . Since enantiomeric separations are based on the differential affinity of the protein for each enantiomer, this separation mode is called affinity CE (ACE) [27] . As in the case of macrocyclic antibiotics, adequate experimental conditions have to be used in order to avoid the interaction of proteins with the wall of the capillary and to minimize the background UV absorption of protein solutions (usual concentrations are lower than 100 mM).
Finally, enantioseparation of chiral compounds by EKC can also be achieved using neutral (dextrins and dextrans [28, 29] ) or charged (heparin and chondroitin sulfates [30] ) polysaccharides, forming ligand-exchange complexes [31, 32] , or with chiral calixarenes or ergot alkaloids [32] .
CEC
CEC, which is a hybrid technique of CE and HPLC, is characterized by (i) high separation efficiency due to the plug profile of the mobile phase driven by the EOF, (ii) a wide range of HPLC chiral stationary phases, which can be transferred to CEC to provide broad enantioselectivity, (iii) low solvent consumption and low sample requirements, and (iv) easy coupling to MS. Enantioseparations are possible in three different types of columns: (i) packed capillary columns, (ii) open-tubular capillary columns, and (iii) monolithic capillary columns [33] [34] [35] [36] . In addition, achiral packed capillaries in combination with BGEs where the chiral selector is added have also been used for enantioseparations by CEC.
Stationary phases previously employed in chiral HPLC, such as CDs and their derivatives [37, 38] , macrocyclic antibiotics [39] , proteins [26] , polysaccharides [40] [41] [42] , and ligand-exchange type selectors [43] (see Table 1 ) have been adapted for chiral CEC using packed capillary columns. Open-tubular capillary columns have been the less used for the enantiomeric separation of chiral compounds by CEC. CDs and proteins (see Table 1 ) have generally been used as chiral selectors [35] .
Many of the chiral selectors employed to prepare packed capillary columns have also been used in order to prepare chiral monolithic capillary columns for CEC (see Table 1 ) [35, 36, [44] [45] [46] [47] [48] [49] .
In spite of the drawbacks of CEC compared with CE in chiral analysis (CEC is less flexible and enables to achieve lower peak efficiency than CE [50] ), CEC is entering in the field of practical applications [35, 36, [51] [52] [53] [54] .
Nonaqueous CE
The elimination of the aqueous media in NACE provides additional selectivity with respect to that obtained in aqueous CE, and favors the analysis of solutes with poor water solubility [55] . The main chiral selectors used in NACE for chiral separations are CDs and their derivatives (see Table 1 ) [56] . Ion-pairing compounds, such as camphorsulfonate enantiomers [57] and quinine derivatives, have also been employed [58] [59] [60] [61] [62] .
Sensitive chiral analysis by CE
An enhancement of the sensitivity can be obtained in chiral analysis by CE by using three different strategies: (i) offline and online sample treatment techniques, (ii) on-column sample preconcentration techniques, and (iii) alternative detection systems to on-column UV-Vis absorption detection. Our goal is to provide the readers an updated overview on the use of these three different strategies to improve sensitivity detection in chiral analysis by CE.
Offline and online sample treatment techniques for sensitive chiral analysis by CE
To achieve adequate detection sensitivity and separation selectivity, the analysis of real samples in CE usually requires efficient sample treatment to remove interfering solutes, inorganic and organic salts, and particulate matter. Sample preparation has been mainly achieved offline, but a few online sample treatment systems coupled to CE have also been developed. As a consequence, a brief description of those offline sample treatment techniques and their applications for sensitive chiral analysis as well as a more detailed description of those few works dealing with the use of sample treatment techniques coupled online to CE for sensitive chiral analysis will be presented as follows.
Offline sample treatment techniques for sensitive chiral analysis by CE
The offline sample treatment techniques mainly used for the preconcentration and extraction of the enantiomers of a chiral compound in different matrices are SPE, liquidliquid extraction (LLE), liquid-phase microextraction (LPME), solid-liquid extraction (SLE), and microdialysis [63] . Table 2 groups the main applications performed using offline sample treatment techniques for sensitive chiral analysis by CE. Briefly, offline SPE has been used for the extraction and preconcentration of drugs in biological samples and pesticides in water and food samples. Thus, the detection from 3610 28 to 5610 26 M of different drugs in plasma [64] , serum [65] , and urine [66, 67] has been performed. In addition, the detection up to 10 210 or 10 27 M of phenoxy acid herbicides in spiked water samples [68, 69] as well as the detection of the pesticides vinclozolin (,10 26 M), maleic hydrazide and imazalil (3610 27 M), in beverages and vegetables [70] [71] [72] has been achieved. Offline LLE has been employed for the extraction and preconcentration of drugs in biological samples and pollutants in culture media. The detection up to 10
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26 M of drugs (such as disopyramide, praziquantel, fluoxetine, ibuprofen, ketoprofen, tramadol, and ofloxacin) in plasma [73] [74] [75] [76] , serum [75, 77] , and cells [78] , and up to micromolar concentrations of the persistent pollutants polychlorinated biphenyls or of thiobencarb sulfoxide in culture media [79, 80] has been performed. Although much less used, as it can be observed in Table 2 , SLE, LPME, and microdialysis have also been employed for the preparation of samples for sensitive chiral CE. SLE has allowed the extraction and preconcentration up to 5610 27 M of pesticides in spiked soils [80, 81] and in foods as potatoes and onions [71] . LPME has been used for the extraction and preconcentration of the drugs citalopram and desmethylcitalopram in human plasma detecting concentrations up to 7610
29 M [82] . Finally, sample preparation of biological samples by microdialysis has enabled the isolation and detection up to 3610
29 M of the drug isoproterenol [83, 84] .
Online coupling sample treatment systems to CE for sensitive chiral analysis
Nowadays, the online coupling of sample treatment systems to CE have a great interest because it allows the automatization of the analytical process (from sample preparation to data treatment), which is a current trend in analytical chemistry. Nevertheless, only six original papers (reported from 1996 to 2003) dealing with the analysis of chiral compounds have been found in the literature. Due to the current interest in the development and application of online systems, a description of the different systems found in the literature to achieve chiral analysis by CE will be presented here.
Pálmarsdóttir et al. [85, 86] demonstrated the high selectivity and sensitivity obtained in bioanalysis using the supported liquid membrane (SLM) technique coupled online with CE through a microcolumn LC (CLC) interface. The system utilized two selective, sequential enrichment steps before the third analyte focusing and separation step with a double-stacking preconcentration. By this way, a total concentration ,40 000 times (,6 times by the SLM treatment, ,17 times by micro-CLC focusing, and ,400 times by the double-stacking preconcentration) was achieved and 2.5610 210 M of the enantiomers of bambuterol in human plasma were detected obtaining appropriate selectivity [85] .
The rapid determination of aspartate enantiomers in tissue samples from rats by microdialysis coupled online with CE has been reported by Thompson et al. [87] . The microdialysis probe was inserted into a homogenized tissue sample, which allowed generation of a continuous sample stream that was filtered and deproteinated before the CE separation. With this system, where microdialysis was coupled online with derivatization (with o-phthalaldehyde in the presence of b-mercaptoethanol) and CE with LIF detection, aspartate enantiomers (, 10 26 M) were resolved in less than 3 s. On the other hand, a similar setup for online microdialysis-CE was used for the analysis of serine enantiomers in tissue homogenates. In this case, D-serine was resolved from L-serine and other primary amines commonly found in biological samples in less than 22 s. In addition, D-serine was determined in larval tiger salamander retinal homogenates [88] .
A system with online derivatization coupled to CE has been developed for the enantiomeric separation of carnitine enantiomers by Mardones et al. [89] . The enantiomers of carnitine were derivatized with 9-fluorenylmethyl chloroformate (FMOC) in a flow system working online with the capillary electrophoretic equipment. LODs of 5 mM of both isomers were obtained by this method LLE, liquid-liquid extraction; LPME, liquid-phase microextraction; SLE, solid-liquid extraction. On the other hand, miniaturized SPE coupled online with CE with on-column UV absorption detection has enabled to enhance the concentration sensitivity for terbutaline, used as model compound, by a factor of 7000 [90] . The extractor consisted of a short length (1-3 mm) of a capillary (200 mm ID) packed with C18 alkyl-diol silica (d p 12 mm) connected to a 50 mm ID separation capillary and glass-fiber filters retaining the sorbent (see Fig. 1a ). Preparation and performance of the enrichment capillary is shown in Fig. 1b and includes washing, wetting, conditioning, sorption, washing, filling, and desorption. The concentration LOD for terbutaline in aqueous solution with this online enrichment (10 min6140 kPa pressure injection) was 0.6 nM compared to 4.4 mM (1 s63.4 kPa pressure injection) without enrichment. In addition, Fig. 1c shows that this enrichment procedure was successfully adapted to the separation of terbutaline enantiomers using DM-b-CD as chiral selector with a high efficiency.
On-column preconcentration techniques in sensitive chiral analysis by CE
On-column preconcentration techniques based on electrophoretic principles used in chiral analysis by CE are ITP, stacking, and sweeping. We will describe them briefly previous to the description of the applications performed for sensitive chiral analysis by CE.
In ITP the sample preconcentration is based on the differences in the mobilities of the ions and of the analytes in a discontinuous electrophoretic buffer (leading and terminating buffers). When the voltage is applied to the end of the capillary, a potential gradient is generated along the capillary because the leading buffer contains ions with higher mobility than the analytes, and the terminating buffer contains ions of lower mobility being the analytes focused in zones. Although ITP may be performed in the same capillary where the electrophoretic separation is achieved, which is denominated transient ITP, two different capillaries may be coupled online, one for the ITP preconcentration and the other for the electrophoretic separation [91] . On-column preconcentration by sample stacking is based on the injection of a sample zone prepared in a matrix with a higher resistance, that is, with minor conductivity, than the separation buffer. Thus, when the voltage is applied between the ends of the capillary, the sample ions acquire electrophoretic mobilities higher in the sample region than in the separation buffer region in such a way that sample reduces its mobility in the latter region and is focused in a thick zone between both regions. In this preconcentration mode, also called normal stacking mode (NSM), the sample is dissolved in water, a buffer with lower concentration than the separation buffer or solvents (i.e., ACN) and is injected hydrodynamically (usually applying a pressure for a certain time) in the separation capillary. Although in hydrodynamic injection no more than 3-4% of the total length of the capillary may be filled with sample to do not loose efficiency, under sample stacking conditions, the capillary may be filled with sample up to 10-20% of the total capillary without any loss of efficiency. Nevertheless, it is also possible to fill the total capillary if after that, there is a step of elimination of the matrix applying reverse polarity previously to the application of the normal polarity for the electrophoretic separation. This preconcentration mode is called reverse electrode polarity stacking mode (REPSM). It is also possible to use micelles with reverse migration and to work with reverse polarity for the preconcentration and electrophoretic separation. In this case, the preconcentration is called stacking with reverse migrating micelles (SRMM) and may include a water plug in which case it is denominated stacking with reverse migrating micelles and a water plug (SRW). Nevertheless, when the sample is injected electrokinetically (applying a voltage for a certain time), the analytes are introduced into the capillary depending on the EOF of the sample, and of the charge and mobility of the analytes. If the preconcentration of the analytes is made during the electrokinetic injection, then the preconcentration is performed by field-amplified sample stacking (FASS), also called field-enhanced sample injection (FESI), or field-amplified sample injection (FASI) [91] [92] [93] .
Sweeping is a preconcentration technique, which enables an exceptional increase in the detection sensitivity (.1000 times) for those analytes with a high solutepseudostationary phase association constant (usually micelles or CDs) [94, 95] . In fact, the resulting length of the swept zones (l sweep ) can be approximated by the following equation (Eq. 2)
where l inj is the length of the injected sample zone and k is the analyte retention factor. Although the first applications were performed using a sample matrix with the same conductivity than the separation buffer [94] , this sample matrix may have different conductivity [96] but it is very important that the sample matrix does not contain the pseudostationary phase, which is the component producing the preconcentration of the analyte by sweeping the sample matrix. Table 3 shows the main applications performed for sensitive chiral analysis by CE using on-column preconcentration techniques based on electrophoretic principles. LODs up to 10 28 M for methadone enantiomers [97] and for the enantiomers of tryptophan and norleucine derivatized in urine samples and complex ionic matrices [98, 99] Fig. 2 illustrates the detection of 2610 27 M of terbutaline enantiomers when using double-stacking preconcentration followed by the CE enantiomeric separation. On the other hand, the effect of ACN and salt in the sample matrix on the stacking and separation of naphthyl derivatives has provided an improvement of peak efficiency and thus concentration detection sensitivity when the sample injection size was relatively large. However, further investigations may be done to clarify this effect which has not been observed for other molecules [101] . Finally, sweeping preconcentration of the phenoxyacid herbicide fenoprop enabled its detection at ppb levels (,10 28 M) [94] . 
Alternative detection systems to on-column UV-Vis absorption detection for sensitive chiral analysis by CE
UV-Vis absorption detection is the most available and used detection in CE. Unfortunately, the concentration sensitivity achieved by this on-column detection is limited by the optical pathlength (b) of the capillary, which corresponds to its inner diameter. Although for chiral compounds with chromophore groups, LODs in the micromolar range may be achieved, there are cases in which this concentration sensitivity is not achievable (compounds with low values of molar absorptivity, E) or is insufficient (biological, environmental, food samples, etc.). In order to increase the absorbance signal observed (A = Ebc), several strategies to increase the pathlength have been developed. One of these strategies has been the development of special designs of the detection window but they have been scarcely used (bubble cells, Z-shaped cells). In addition, in chiral analysis by CE they may decrease the enantiomeric resolution when the separated zones containing the enantiomers reach the detection window.
Other option to overcome the poor concentration sensitivity, achieved by on-column UV-Vis absorption detection in CE, is the selection of alternative detection systems. Up to now, spectroscopic detectors, mass spectrometers, and electrochemical detectors have been used.
The spectroscopic detectors alternative to UV-Vis absorption detectors used in chiral analysis by CE have been LIF, phosphorescence, Fourier transform infrared (FT-IR), and NMR detection.
LIF detection is one of the most attractive detection systems for sensitive chiral analysis by CE. In fact, it enables to obtain high sensitivity and additional selectivity with respect to UV-Vis absorption detection, which is a "quasi" universal detection system. The basic instrumentation used for LIF detection requires an excitation source (laser), a detection cell (the own capillary), an optic system for the excitation and collection of the fluorescence emitted, and a photomultiplier tube connected to an acquisition data system, usually a computer [102] . Table 4 shows most of the applications in the field of enantioseparations by CE with LIF detection. Although LIF detection has been used for the analysis of pesticides and drugs, the main application is the detection of amino acid enantiomers. In fact, very favorable LODs have been obtained (4610
210
-10 28 M) for the detection of the enantiomers of amino acids derivatized previously to the injection in the electrophoretic system [103] [104] [105] [106] [107] [108] . The detection of the natural amino acid L-tryptophan together with its enantiomer (D-form) has been performed in human Dansylated amino acid, amino acid derivatized with dansyl chloride.
urine [106] . On the other hand, the detection up to ,7610 27 M of fenprocoumon [109] in urine samples as well as naproxen in liver and kidney tissues (,3610 27 M) [110] has been achieved with good separation selectivity. Figure 3 shows the electropherograms of a urine sample from a healthy volunteer after oral administration of tramadol hydrochloride (150 mg) compared to blank urine. The absence of interferences from peaks of the metabolites is clearly demonstrated [111] . This is an interesting case where the drug tramadol and its metabolites show native fluorescence, their direct detection being possible by LIF. On the other hand, it is remarkable that the LODs in the nanomolar range were achieved for a group of phenoxy acid herbicides derivatized with the 7-aminonaphthalene-1,3-disulfonic acid (ANDSA), which are appropriate for the analysis of environmental samples [112] .
The novel application of quenched phosphorescence detection to the chiral analysis field has been reported recently for the first time [113] . The basic instrumentation is the same as for LIF detection [114] but a UV-Vis lamp has usually been employed [115] [116] [117] [118] . There are two additional settings in phosphorescence not used in fluorescence: the delay time (time of waiting after the lamp pulse to remove all fluorescence from the signal) and the gating time (time of measurement of the phosphorescence signal), which have to be considered. In addition, it is very important to consider that in phosphorescence measurements the deoxygenation of the buffer solution by a constant nitrogen flow is essential in order to avoid oxygen quenching. Under deoxygenated conditions, the dynamic quenching by camphorquinone of the strong phosphorescence emission of brominated naphthalenesulfonate present in the buffer solution (25 mM borate buffer at pH 8.5 with 10 mM CM-b-CD and 20 mM a-CD) enabled to obtain LODs (,7610 27 M) three orders of magnitude lower than the conventional UV absorption detection at 200 nm. Under these conditions the stereoselective degradation of camphorquinone by yeast was demonstrated. Thus, Fig. 4 illustrates the variation of peaks correspond- FT-IR, Fourier transform infrared; CBI-amino acids, cyanobenzoisoindole-labeled amino acids after derivatization with naphthalene-2,3-dicarboxaldehyde; FITC-amino acids, FITC-labeled amino acids; ANDSA-phenoxy acids herbicides, 7-aminonaphthalene-1,3-disulfonic acid-labeled phenoxy acid herbicides; 2-CPPA, 2-(2-chlorophenoxy)propionic acid; 3-CPPA, 2-(3-chlorophenoxy)propionic acid; 4-CPPA, 2-(4-chlorophenoxy)propionic acid; other abbreviations as in Table 2 . ing to camphorquinone enantiomers in the control, culture medium, and cells after 24 h of incubation, showing that the biodegradation of (1S)-(1)-camphorquinone was faster than that of the (1R)-(2)-enantiomer [113] .
The use of NMR and FT-IR in CE for the detection of the enantiomers of a chiral compound has been reported very recently [119, 120] . Although these spectroscopic detectors provide structural information, their sensitivity is rather poor, especially for FT-IR-CE (see Table 4 ). However, the LOD achieved by this technique has been included in Table 4 since it is the only application of FT-IR-CE reported in chiral analysis by CE. Online ITP-NMR can be recorded with CE coupled to microcoil NMR probes, formed by directly wrapping a coated Cu wire around a capillary where the separation capillary is inserted, which provides a sensitivity enhancement inversely proportional to the coil diameter with respect to the standard-sized Helmholtz coil [121] [122] [123] . Online ITP-NMR has been used for the separation and concentration of alprenolol enantiomers. Figure 5 illustrates the online ITP-NMR spectra of alprenolol enantiomers as a function of runtime when they are separated using a leading electrolyte (acetate buffered to pD 6.0 with acetic acid in D 2 O) containing a-CD and sulfated b-CD as chiral selectors. This figure shows the progress of ITP stacking for S-alprenolol from NMR spectra recorded from ,59.3 to ,61.8 min (see Fig. 5a ) and for R-alprenolol from ,62.2 to ,65.7 min (see Fig. 5b ). Concentrations determined for both enantiomers (25 mM for the S-enantiomer and 28 mM for the R-enantiomer) indicated a concentration by ITP ,200-fold taking into account that each enantiomer was injected at a concentration of 125 mM. Finally, alprenolol NMR resonances were observed around 1.6, 3.3, 4.2, 4.4, 5.9, 6.9, and 7.1 ppm. This system has also enabled the study of intermolecular interactions between the CDs and the analyte from the NMR spectra observing that aromatic and methyl moieties of R-and S-alprenolol are identified as two important sites that bind with these CDs (a-CD and sulfated-b-CD) [119] . The hyphenation of CE and FT-IR detection has been made using a flow cell in CE where the IR beam was focused using an external optical focusing unit built in-house and described in detail in [124] . This online coupling of CE-FT-IR has allowed the separation and online distinction of the 3,5-dinitrobenzoyl leucine (DNB-Leu) enantiomers using NACE with O-(tertbutyl carbamoyl) quinine as chiral selector. Figure 6 depicts the comparison of the IR spectra of DNB-(R)-Leu and DNB-(S)-Leu dissolved in the carrier electrolyte containing 4 mM of chiral selector. It can be observed a shift in the asymmetric stretch vibration of the carboxylate at 1606/cm as well as a slight change around 1290/cm. Also, the C=O band at 1713/cm is clearly visible in the spectrum of the (S)-enantiomer, but the band with the shoulder at 1736/cm is not visible in the spectrum of the (R)-enantiomer. Therefore, this novel and attractive detection technique for CE has provided qualitative stereochemical information on the interactions between the chiral selector and the enantiomers [120] .
The coupling of CE to MS is a trend in sensitive chiral analysis by CE, which is being used with more frequency during last years. This detection system is universal, selective, and enables obtaining structural information. [125] [126] [127] [128] [129] [130] [131] [132] [133] . The basic instrumentation in CE-MS [134] allows, once the electrophoretic separation is performed, the introduction of the analytes in the mass spectrometer using an interface, usually a sheath liquid interface, which enables the establishment of the electrical contact and the nebulization of the solution. Then, the ionization of the analytes, normally by ESI, is performed before the MS detection (usually by quadrupole or IT). Although in some works a low concentration of chiral selector is directly introduced in the MS obtaining satisfactory results [135] , in most works the introduction of the chiral selector in the MS detector is avoided or chiral selectors compatible with MS detection, such us crown ethers [136, 137] are employed. In fact, the introduction of nonvolatile chiral selectors in MS can affect the sensitivity and stability of this detector [138] . In order to avoid the introduction of chiral selectors to the MS, partial-filling and counter-current migration techniques have been used. In the partial-filling technique, a zone of the capillary where the enantiomeric separation takes place is filled with buffer containing the chiral selector, while the zone close to the MS detector, which the separated enantiomers cross before being introduced in the detector, is filled with buffer without chiral selector. The countercurrent migration technique is based on the control of the EOF to avoid the chiral selector from reaching the MS detector. With MS detection, LODs up to 10 29 M have been obtained (see Table 4 ). Although possible, it is not an easy task to improve the detection sensitivity achieved by MS compared with UV-Vis absorption detection for compounds with high molar absorptivity. This is mainly due to the following reasons: (i) the ionization yields achieved during ionization, (ii) the suitability of the BGE, which should be volatile and not to produce interferences, (iii) the dilution produced by the additional liquid employed in the sheath liquid interface used for ESI, which is mainly used in CE-MS, and (iv) the solute nature; thus apolar compounds require an atmospheric pressure chemical ionization (APCI) interface. A high sensitivity of detection was achieved by ESI-MS using a sheathless interface. This setup was used for the separation of 11 underivatized amino acids (2.5610 28 M each one) using a crown ether as BGE and chiral selector (see Fig. 7 ). Since using the crown ether (30 mM 18C 6 H 4 ) as BGE/chiral selector, the absolute intensities obtained were only about four times lower than those obtained under formic acid (1 M), it was found to be compatible with ESI-MS detection [137] . It is important to remark that derivatization of samples may increase sensitivity in MS detection because it enables to analyze them in a mass region with lower noise. Thus, two different derivatization protocols for amino acids using dansyl chloride (DNS) and FITC were compared observing better mass sensitivity for FITC-amino acids (LODs in the mM range) [139] . CE-ESI-MS has also been used for the sensitive determination of chiral compounds in biological samples such as urine [135, 140, 141] , plasma [142] , serum [143] , and in vivo samples [144] , and for the identification of drugs and their metabolites [145, 140] .
Electrochemical detection has not been much used in chiral analysis by CE. In electrochemical detection (where amperometric, voltamperometric, conductimetric, and potentiometric detection are included) only amperometric detection has been used for the detection of enantiomers separated by CE. In amperometric detection, carbon or metallic electrodes of different geometries (disk, cylindric, and tubular) may be used and their potential should be isolated from the applied voltage of the electrophoretic system. With this aim, the electrochemical detection is performed at the end or out of the separation capillary [146] . Table 4 Fig. 8, which shows the enantioseparation of a mixture of the racemates of isoproterenol, epinephrine, and norepinephrine in tris-phosphate buffer (pH 2.5) with DM-b-CD. In this case, the detection was performed by using end-column microfabricated interdigitated electrodes, which enabled to obtain LODs of 5 mM for the three neurotransmitters [148] . Finally, it is remarkable that electrochemical detection seems to be very promising in CE microchips due to its compatibility with microfabrication techniques [149] . 
Conclusions
On-column UV-Vis absorption detection is the most widely used detection system in CE but its sensitivity depends on the optical pathway, which corresponds to the inner diameter of the capillary (usually, 50 or 75 mm). Although for some chiral compounds with chromophore groups LODs , 10
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25 M may be obtained, there are many cases in which this detection sensitivity is not achieved (compounds with low molar absorptivity) or is insufficient (biological samples, environmental samples, enantiomeric purity determinations, food analysis, etc.).
The use of offline sample treatment techniques has enabled to achieve appropriate concentration LODs with UV-Vis absorption detection. It is important to emphasize that the use of online sample treatment techniques in CE has shown to be a good strategy for the analysis of biological samples. A much more simple strategy is the use of online preconcentration techniques based on electrophoretic principles, which are usually performed in the same separation capillary.
The alternative detection systems to UV-Vis absorption detection used in sensitive chiral analysis by CE are spectroscopic detection (LIF, quenched phosphorescence, and NMR), MS detection, and amperometric detection. FT-IR detection has recently been employed in chiral analysis but sensitivity obtained has to be improved. Although the use of LIF detection is the best alternative for many applications (sensitive detection of amino acids enantioseparated by CE), MS detection is being more utilized in last years. However, the problem associated to the use of nonvolatile chiral selectors, as CDs, in CE-MS provokes that their introduction in the mass spectrometer should be avoided. It is interesting to remark that some of the last research works are focused on the development of chiral selectors compatible with MS detection, this aspect being of great interest in the coupling CE-MS.
Finally, the best LOD reported in this review is ,10 210 M using an online coupling of SPE with a CE system and UVVis absorption detection [90] . However, lower LODs are expected to be possible by combining several of the described strategies, that is, by combining sample treatment techniques, on-column preconcentration techniques, and alternative detection systems to UV-Vis absorption, combinations that look very promising to enable the improvement of sensitivity in chiral analysis by CE.
Future prospects
The sensitive analysis of chiral compounds in complex matrices, i.e., in biological samples, usually requires a sample treatment step before the injection in the CE system, and as a consequence, although challenging, the online coupling of sample treatment systems to CE seems to be very promising because it enables the automatization of the analytical process. However, this strat-egy needs special setups while the use of on-column preconcentration techniques based on electrophoretic principles (mainly those based on special injection techniques such as stacking and sweeping) is more available and easier, and only needs an appropriate knowledge of the sample and the matrix. The development of new applications in the chiral field with new spectroscopic detectors such as phosphorescence, NMR, and FT-IR can be expected in the near future. In addition, new detectors such as circular dichroism will be coupled to CE for chiral analysis. The development of new applications in the chiral field by CE-MS and the study of new chiral selectors compatible with this detection system is also a future prospect in sensitive chiral analysis by CE. Finally, microchip electrophoresis uses tiny micromachined devices to perform chiral separations in seconds, the development and application of different approaches to improve the detection sensitivity being very challenging.
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